Theoretical Analysis and Case Study on Solar Driven Two-stage Rotary Desiccant Cooling System Combined with Geothermal Heat Pump  by Dai, Yanjun et al.
 Energy Procedia  70 ( 2015 )  418 – 426 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review by the scientific conference committee of SHC 2014 under responsibility of PSE AG
doi: 10.1016/j.egypro.2015.02.143 
International Conference on Solar Heating and Cooling for Buildings and Industry, SHC 2014 
Theoretical analysis and case study on solar driven two-stage rotary 
desiccant cooling system combined with geothermal heat pump 
Yanjun Dai*, Xian Li, Ruzhu Wang 
Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University, Shanghai 200240, China 
Abstract 
In this paper, a solar hybrid desiccant air conditioning system, which combines the technologies of two-stage desiccant cooling 
system and geothermal heat pump together, has been configured and theoretically analyzed. The hybrid system mainly includes a 
two-stage desiccant cooling system with design cooling capacity of 80 kW, a geothermal heat pump for fresh air handling with 
75 kW in nominal cooling capacity, a geothermal heat pump for capillary radiation terminal with cooling capacity of 244 kW, an 
evacuated tubular solar collector array of 530 m2, a hot water storage tank and a cooling tower. Performance model of the system 
has been created in TRNSYS simulation studio. The aim of this paper is to evaluate the performance of the solar hybrid air 
conditioning system, thereby providing useful data for practical application in the demonstration project. Simulation results show 
that, under typical weather condition, the solar driven desiccant cooling unit can achieve an average cooling capacity of 70 kW, 
which contributes 31.4 % of the cooling capacity provided by the hybrid system. Corresponding average thermal COP is about 
0.83 under Shanghai weather conditions. 
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1. Introduction 
Increasing energy consumption and deteriorating global warming have sparked growing interest in heat powered 
refrigeration and air-conditioning processes. Solar thermal system, which matches the cooling demand profile 
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perfectly and can provide a substantial part of the energy needed for air conditioning, is thus thought to be an 
efficient way to alleviate these crises. Among existing solar thermally driven cooling processes, solid rotary 
desiccant cooling has been recognized as a promising technology [1-2]. Currently, a lot of simulation researches 
about solid desiccant cooling system based on solar energy have been performed in the aspect of feasibility and 
potential evaluation [3-5]. 
A two-stage rotary desiccant cooling setup using newly developed composite desiccant material has been 
developed and experimentally investigated by Shanghai Jiao Tong University [6]. It was demonstrated that the two-
stage rotary desiccant cooling setup could achieve a high thermal COP at low regeneration temperature. Under Air 
conditioning and Refrigeration Institute (ARI) summer condition, the required regeneration temperature for reaching 
a moisture removal about 6 g/kg has been decreased to 70 oC in comparison with conventional one-stage system. 
In this paper, a solar driven desiccant cooling system is introduced, where the system has been installed in an 
office building for a demonstration. Considering the possible absence of solar radiation and the requirements of 
under-floor air supply and capillary radiation terminal, two geothermal heat pump units with different temperatures 
of chilled water are incorporated. Evacuated solar collectors, which can have a good integration with the building 
roof, are also adopted. The objective of this paper is to evaluate the performance of the solar hybrid air conditioning 
system using simulation models based on TRNSYS, thereby providing useful data for practical application in the 
demonstration project. 
 
Nomenclature         subscripts 
Asolar solar collector area (m2)      air air 
c  specific heat of water (kJ/(kg K))     cw cooling water 
COP coefficient of performance    d desiccant 
d humidity ratio (kg water vapour/kg dry air)  e electric 
Esave electric power saving rate (%)   hw hot water supply 
fsolar solar fraction (%)     motor motor used to drive desiccant wheel 
H enthalpy (kJ/kg)     w collecting water 
I solar radiation (W/m2)    reg regeneration 
Ighp average current of geothermal heat pump (A) solar solar collector 
m mass flow rate (kg/h)    t thermal 
Qc cooling capacity of the hybrid system (kW)  ghp geothermal heat pump 
Qd cooling capacity of desiccant cooling unit (kW) 1-15 state points 
Qreg regeneration heat consumption (kW) 
Qsolar receiver solar radiation (kW) 
Qghp cooling capacity of the vapour compression  
              air conditioning unit (kW) 
RH relative humidity (%) 
T temperature (oC) 
Ughp voltage (V) 
W electric power (kW) 
2. System description 
2.1. System configuration 
Fig. 1 shows a schematic diagram of the proposed solar hybrid desiccant cooling system combined with 
geothermal heat pumps and capillary radiation terminal in the demonstration office building. As seen, the system 
generally consists of four subsystems, namely, solar collecting subsystem, TSDC subsystem, geothermal heat pump 
subsystem, and terminal subsystem. Specifically, solar collecting subsystem includes evacuated tubular solar 
collectors, a hot water storage tank, and a domestic hot water tank. TSDC subsystem comprises two desiccant 
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wheels and four air-to-water heat exchangers, while geothermal heat pump subsystem is composed of a geothermal 
heat pump for fresh air handling with 75 kW in nominal cooling capacity and a geothermal heat pump for capillary 
radiation terminal with cooling capacity of 244 kW. In addition, a cooling tower is employed to provide cooling 
water for the TSDC subsystem. Driven by the hot water from the solar collecting subsystem (1-8-9 and 1-10-11), the 
TSDC subsystem handles the hot humid air to a cold dry state (1-2-3-4-5). Then the air is further cooled to supply 
air state (5-6) by the geothermal heat pump #1 in order to match the parameter requirement of supply air. 
 
 
 
Fig. 1. Schematic diagram of the solar hybrid desiccant air conditioning system combined with geothermal heat pumps. 
 
Considering that solar energy system depends on weather conditions and the performance of solar collector 
would be poor and could not totally meet the heat requirement of thermal-powered unit in cloudy and rainy weather, 
the geothermal heat pump #1 is incorporated here. Additionally, the geothermal heat pump #2 is employed to 
provide sensitive cooling capacity for air-conditioning rooms by using capillary radiation terminals. 
Specifically, the air-conditioning space occupies a total area of about 2000 m2. The summer there is humid, with 
typical ambient condition. The conditioned offices are south-facing, with four exterior windows each. The system 
was designed according to the calculated cooling and heating loads of the conditioned offices. Under typical local 
condition, the cooling load in summer is 310 kW, in which sensible cooling load is 75 kW and latent cooling load is 
235 kW. Thus, a TSDC unit of 80 kW, a geothermal heat pump #1 of 75 kW, and a geothermal heat pump #2 of 244 
kW were selected. Since the solar collectors were mainly used as heat source of TSDC, the roof was designed to be 
facing due south with an angle of 40o to the ground surface, in order that efficient utilization of solar energy could 
be achieved. The solar collectors were divided into 7 rows and each row consisted of 18 pieces of collector modules. 
For the purpose of obtaining hot water with relatively high temperature, the collector modules in each row were 
connected in a series arrangement. Each collector module is 7 m2. It should be pointed out that the solar collecting 
system was primarily designed not only for the desiccant unit but also for domestic hot water. Fig. 2 shows the 
photo of the installed hybrid solar cooling system. The main parameters of the system are listed in Table 1. 
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Fig. 2. Photos of the solar hybrid desiccant air conditioning system: (a) overview of the onsite demonstration, (b) desiccant wheel, and (c) TSDC 
unit. 
Table 1. Main geometrical and operating parameters of the solar hybrid air conditioning system.. 
Main parts Materials Parameters 
Solar collecting subsystem   
Solar collector Evacuated tubular collector 530 m2 
Power of hot water pump for solar collector  2 kW 
Flow rate of hot water  10 m3/h 
Hot water storage tank  10 m3 
Domestic hot water tank  2 m3 
TSDC unit   
Desiccant Composite silica-gel  
Maximum flow rate of process air  9000 m3/h 
Maximum flow rate of regeneration air  9000 m3/h 
Cooling capacity  80 kW 
Rotation speed of desiccant wheel  8 r/h 
Power of motor for desiccant wheel  250 W 
Power of cooling water pump  2 kW 
Specific thermal COP  1.0 
Driving temperature  60–90 oC 
Diameter of desiccant wheel  1525 mm 
Thickness of desiccant wheel  200 mm 
Geothermal heat pump #1   
Cooling capacity 
Electric power 
 75 kW 
13.2 kW 
Geothermal heat pump #2   
Cooling capacity 
Electric power 
 244 kW 
41.8 kW 
Solar collectors 
Office building 
a b 
c 
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2.2. Working principle 
  Fig. 1 illustrates the approximate evolution of air treatment through the solar hybrid desiccant air conditioning 
system under ARI summer condition (ambient conditions: 35 oC, 40% RH; indoor conditions: 25 oC, 50% RH). The 
TSDC unit and the geothermal heat pumps are mainly used to deal with latent heat load and sensible heat load, 
respectively. The operation of collecting hot water cycle and supply hot water cycle are controlled by two water 
pumps based on the temperature difference between the solar collectors and the hot water storage tank.  
The process air cycle is as follows: In the TSDC unit (1-2-3-4-5), the ambient air at state point 1 passes through 
the first desiccant wheel, where it is dehumidified and heated by adsorption heat. Then it is sensibly cooled from 
state point 2–3 in a heat exchanger by using cooling water from the cooling tower. This cold dry air then passes 
through the second desiccant wheel from state point 3–4 and another heat exchanger in tandem with a further 
dehumidified and cooled air output at state point 5. Finally, the process air from the TSDC unit (state 5) is cooled 
further and qualified supply air is produced (state 6). 
The regeneration air cycle is as follows: Two groups of air streams work in parallel (1-8-9 and 1-10-11). They are 
first sensibly heated to state points 8 and 10 by using heat exchangers with hot water from solar collector array. 
Afterwards, the hot air streams flow through the regeneration sections of the wheels to desorb water vapor and 
regenerate the desiccant, and exit at state points 8 and 10. Here, in order to realize cascaded utilization of thermal 
energy, the hot water is first pumped to the second stage, where the inlet condition of process air (state 3) is drier 
than that of the first stage (state 1) and higher regeneration temperature is needed to obtain an effective moisture 
removal. 
As a demonstration project, this paper mainly focused on the performance of the solar driven TSDC unit and the 
combined operation characteristics of the hybrid air conditioning system with the geothermal heat pumps in summer 
season. However, this system could also meet the requirement of heating in winter and supply domestic hot water.  
3. Performance indexes 
To depict the performance of evacuated tubular solar collectors, its thermal efficiency is defined as 
 reg w ,w 15 14
solar
solar solar
pQ m c T T
Q IA
K

                                                                                                                         (1) 
  In order to analyze the main performance of the desiccant cooling system, the performance indexes are 
expressed as follows. Cooling capacity Qd, thermal coefficient of performance COPd,t (i.e. COP based on thermal 
energy usage), electric coefficient of performance COPd,e (i.e. COP based on electrical energy input) and moisture 
removal ǻd are used to evaluate the performance of the TSDC unit: 
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Electric power saving rate Esave,d, which represent the potential of electric power saving and primary energy 
saving for producing 1 kW cooling power, respectively, are evaluated based on the difference between the TSDC 
unit and the geothermal heat pump #1 unit: 
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Cooling capacity Qghp, electric coefficient of performance COPghp,e is used to evaluated the performance of the 
geothermal heat pump #1 unit: 
 ghp ghp,air 5 6Q m h h                                                                                                                                               (7) 
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Solar fraction fsolar of the hybrid solar air conditioning system are calculated by 
d
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Q
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Q Q
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Corresponding electric power saving rate Esave for the solar hybrid system can be obtained by 
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4. Theoretical analysis 
A simulation model based on TRNSYS 16.1 was created to evaluate the energy saving performance and 
applicability of the solar hybrid air conditioning system. Seasonal thermodynamic performance is analyzed. Fig. 3 
shows the components and their connections of the solar hybrid system in TRNSYS simulation studio. Specific 
assumptions are listed in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. TRNSYS  simulation  studio project of the solar hybrid air conditioning  system. 
Water 
Cooling Water 
Weather input 
Input and output 
parameters 
Control signal 
Chilled water 
Printer output 
424   Yanjun Dai et al. /  Energy Procedia  70 ( 2015 )  418 – 426 
Table 2. Specific assumptions used in simulation. 
Item Assumptions 
Solar 
collector 
(1) Evacuated tubular collectors model, type 538-2, 530 m2 
(2) Water tank: type4c with loss coefficient of 2.5 kJ/(h tm2 K) and initial temperature of 55 oC 
TSDC (1) Desiccant wheel: the similar mathematical model of desiccant wheel, which has been developed in our 
earlier work [7], is used in present study. 
(2) Regeneration air: the flow rate of regeneration air is kept as 1/1 of process air to reduce regeneration heat 
consumption without substantial influence on dehumidification capacity 
(3) Heat exchanger efficiency: 0.8 
Geothermal 
heat pumps 
(1) Cooling mode: the unit is presumed to have the same electric coefficient performance of 3.33 as its 
instruction with the model of Type668-2. 
Control 
strategy 
(1) Solar collecting mode: run when temperature difference between outer temperature of solar collector and 
water temperature to heat source is higher than 3 oC, otherwise stop. 
(2) Heat supply mode: run when the temperature to load of water tank is above 60 oC during business hours 
(from 8:00 to 17:00) 
(3) Geothermal heat pump #1: adjust the operation mode based on the inlet temperature of process air. 
(4) Geothermal heat pump #2: operation based on the during business hours (from 8:00 to 17:00). 
4.1. Typical day analysis 
The typical meteorological year (TMY) data of Shanghai is used in the case study. Constant solar collector area, 
water tank volume, hot water flow rate and process air flow rate of the TSDC unit, which are set as 530 m2, 10 m3, 
10000 kg/h and 9000 m3/h, respectively, are adopted. Fig. 4 shows the variations of main temperatures of solar 
collecting subsystem, global solar radiation on the horizontal and ambient temperature in a typical day. As shown in 
Fig. 4b, variation trends of tank temperature as well as inlet and outlet temperatures of solar collectors are obviously 
similar with that of global solar radiation. It can be found that some fluctuation behaviors exist at some time periods 
due to the control strategy of solar collecting subsystem and hot water supply for TSDC unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Variations of temperatures of the TSDC unit and meteorological data: (a) global radiation on the horizontal and ambient temperature, and 
(b) inlet and outlet temperatures of solar collectors as well as average temperature of hot water tank.  
 
Fig. 5 shows variations of thermal COP, electric COP and cooling capacity of TSDC unit. Investigation results on 
the performances of the solar driven TSDC unit proves that the cooling capacity can reach up to 70 kW which is 
slightly lower than the designed cooling capacity, since the regeneration temperature is limited within the range of 
60 – 70 oC. In addition, a thermal COP over 1.0 and electric COP over 10 can be obtained as shown in Fig. 5. The 
sharply decrease and increase are due to the control strategy of TSDC unit. 
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Fig. 5. Variations of thermal COP, electric COP  and cooling capacity of the TSDC unit. 
4.2. Seasonal performance analysis 
The monthly and seasonal cooling consumption is shown in Fig. 6. About 31.4 % of the total cooling is provided 
by the solar driven TSDC unit and the rest 68.6% by the geothermal heat pump #1. In view of the fact that cooling 
load consists of sensible load and latent load, which are mainly removed by the geothermal heat pump unit and the 
TSDC unit, respectively, the contribution of the solar driven TSDC unit is considerable. Besides, the seasonal 
thermal performance of the hybrid system is also proved to be sounded, with an average thermal COP about 0.83. 
  Fig. 7 shows the daily humidity load of the conditioned space and the daily moisture removal ability of the solar 
driven TSDC unit. The humidity load of 45% can be totally handled by the TSDC unit and the rest needs geothermal 
heat pump assistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                Fig. 6. Contribution potential of solar driven TSDC                                     Fig. 7. Contribution of TSDC to moisture removal 
                           under Shanghai conditions.                                                                            for season analysis.   
 
To quantify the electric power saving potential of the hybrid solar air conditioning system, a standalone 
geothermal system is considered. The conventional geothermal heat pump system is designed and selected to obtain 
similar values of air change rate and temperature difference between supply air and indoor air. The flow rate of fresh 
air handled by the conventional heat pump is identical with the TSDC unit in order to ensure the fair comparison. 
The installed capacity of the hybrid system and the conventional system are given in Table 3. Based on seasonal 
simulation, it is found that about 39.5% of electric power can be saved by the hybrid system in comparison with the 
conventional system. It should be noted that, as the focus of this work is the performance of the solar hybrid system 
in summer, its potential for providing domestic hot water during transition season and heating the space in winter 
has not been included here. Under all-year round operation condition, the solar hybrid system would be more energy 
efficient. 
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Table 3. Energy saving potential of the solar hybrid system compared to conventional system (from 1 June to 30 September). 
 Hybrid system Conventional system 
Installed capacity of TSDC (kW) 80  
80 Installed capacity of geothermal heat pump 
#1 (kW) 70  
Electric power consumption (kWh) 10,242 (2448 kWh by TSDC and 7794 kWh by geothermal heat pump #1) 25,946  
Solar fraction (%) 45.3  
Electric power saving (%) 39.5 
5. Conclusion 
By combining solar driven two-stage rotary desiccant cooling and geothermal heat pump, a solar hybrid desiccant 
air conditioning system was designed and installed in an office building. Based on the installed system, a simulation 
model was created in TRNSYS simulation studio. Detailed theoretical analysis was performed. Following 
conclusions can be drawn: 
(1) The operation of the studied solar driven two-stage desiccant cooling system is confirmed to be reliable and 
energy efficient. Under typical local condition, it can achieve an average cooling capacity 70 kW, with 
corresponding average thermal COP and electric COP reaching 1.1 and 12.5, respectively. 
(2) To ensure the air quality of supply air, geothermal heat pump system is advised to be incorporated in humid 
climate, especially for the area without enough solar radiant intensity. 
(3) Seasonal analysis on the solar hybrid system suggests that the solar driven TSDC unit can handle about 31.4% 
of the cooling load, with an average thermal COP of 0.83 under Shanghai summer condition. Moreover, it removes 
about 45.3% of the moisture load. As a result, the electric power consumption is reduced by about 39.5% in 
comparison with conventional system. 
(4) When the potential for providing domestic hot water during transition season and heating the space in winter 
can be included, under all-year round operation condition, the solar hybrid system would be more energy efficient. 
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